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Biplane cineventriculography was performed at rest and
after sublingual nitroglycerin in 13 patients with coro-
nary artery disease. In six patients (responders), there
was a significant increase in ejection fraction [40 ± 5 to
52 ± 4% (p < 0.001)], while in the other seven (non-
responders), there was no alteration in ejection fraction.
To evaluate the extent of regional myocardial re-
sponse to nitroglycerin, the contractile pattern of the
regional myocardium over the entire ventricular surface
was analyzed using a computer-generated three-dimen-
sional model. The spatial coordinates that define the
elliptic ventricular surface on a given horizontal plane
cross section of the chamber were determined by four
counter values in the two orthogonal silhouettes. Then,
32 points at equal angles around the center of gravity
of the end-diastolic cavity were generated to form the
border image. Repetition of this process for 16 successive
cross sections allowed for reconstruction of the ventric-
ular surface by the sequence of 32 x 16 (512) points.
The regional wall motion was expressed as the percent
Although nitroglycerin has long been prescribed to treat
angina, its potential efficacy for improvement of left ven-
tricular wal1 motion of the ischemic myocardium remains
controversial. In experimental studies (1,2), many investi-
gators demonstrated that nitroglycerin administered during
coronary artery occlusion resulted in a remarkable resto-
ration of shortening in the marginal segment surrounding
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change of the radial length, drawn from the center of
gravity to each surface point.
There was significant heterogeneity in regional re-
sponse to nitroglycerin. In the responders, the normally
contracting area was significantly increased (from 16.5
± 16.0 to 36.2 ± 14.9% of the total surface area, p <
0.001), largely mediated by the greater improvement in
segmental shortening of each graded contractile pattern
relative to its deterioration. In the nonresponders, a less-
ening of the severe dysfunction of the given area was
associated with significant deterioration of segmental
shortening of the other normally contracting area (49.1
± 19.7% of the area with a contractile pattern of grade
5 had deteriorated, p < 0.05), Thus, the ratio of the
area with respective graded segmental shortening was
virtually unchanged.
These differences in response of the ischemic ventricle
to nitroglycerin appeared to be related to the develop-
ment of adequate coronary collateral vessels as well as
to an interaction of changes in preload and afterload.
the central ischemic zone which responded less well or not
at all. Because there is an associated hemodynamic effect
of lowered arterial blood pressure, the improved myocardial
shortening may be related to the peripheral effect of the
agent, which leads to a diminution in preload and afterload.
Others (3,4) reported that intravenous or sublingual admin-
istration of nitroglycerin did not correct regional left ven-
tricular dysfunction in the acutely ischemic canine
myocardium.
In the clinical setting, although most of the studies dem-
onstrated similar changes in terms of blood pressure and
heart rate, some investigators reported a decrease (5,6) or
no net alteration (7,8) in cardiac output, whereas others (9-
12) noted significant increases in cardiac output and stroke
index after the administration of nitroglycerin in patients
with acute or chronic myocardial ischemia. Inconsistency
in global ventricular response may be related to a significant
heterogeneity of response in the segmental contraction pat-
terns, depending on the preexisting ischemic status. Ac-
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cordingly , to assess the magnitude and extent of such re-
gional phenomena over the entire cavity surface, we developed
simulated three-dimensional reconstructions of the left ven-
tricular cavity from biplane cineangiography using computer
technology (13) . The method provided reasonably accurate
information concerning the dynamic changes in shape and
dimension over the entire surface of the ventricle, and the
size of the area of dysfunction could be estimated. Using
this method, we analyzed two left ventriculograms obtained
from patients with ischemia before and after sublingual
administration of nitroglycerin, in an attempt to elucidate
the relation between the regional response and global ven-
tricular performance.
Methods
Study group. The study was performed on 13 patient s
with coronary artery disease and normal sinus rhythm . Pa-
tients with definite heart failure were excluded from the
study . All medications were withheld 12 hours before the
procedure. Informed consent was obtained from each patient
and there were no complications.
Study protocol. Cardiac catheterization was performed
using the left brachial approach with the patient in a fasting
state after premedication with 5 mg of oral diazepam. Uti-
lizing conventional diagnostic right and left heart catheter-
ization , coronary arteriography was performed using the
Sones technique. Left ventricular pressures were monitored
by a fluid-filled angiocatheter connected with a Statham
P23Db external strain gauge or catheter-tip micromanometer
(Millar Instruments).
After left ventricular pressures had returned to baseline.
biplane left ventricular cineangiography was performed in
300 right anterior and 600 left anterior oblique projections,
using a Philips 9 inch (23 ern) image intensification system .
Left ventricular opacification was achieved by injecting 30
to 40 ml of radiopaque contra st medium (80% Angioconray)
at a rate of 10 to 14 mIls. Films were exposed at a rate of
60 framesls with Ari 35 mm cine cameras. Two lead markers
were placed on the image intensifier as fixed references for
superimposition of the images . After the study, a 1 em?
cross-hatched grid was filmed at the same distance from the
X-ray tube and image intensifier , as was the left ventricular
cavity. An adequate recovery time (20 to 30 minutes ) was
allowed for left ventricular pressure to return to baseline .
Then, the patient was given 0 .3 mg of sublingual nitroglyc-
erin . Five minutes later , a decrease in end-diastolic pressure
to below 13 mm Hg was confirmed in II of 13 patients . In
the remaining two patients, end-diastolic pressure decreased
considerably but was still higher than the normal value (from
24 to 14 and from 19 to 14 mm Hg, respectively). Peak
systolic pressure decreased uniformly over the range of 10
to 50 mm Hg.
Intercoronary or intracoronary anastomotic channels were
identified angiographically and these collateral vessels were,
graded as good, fair or poor according to the caliber and
number of vessels and the quality of opacification (14). A
collateral vessel was also defined as noncompromised when
it originated distal to a stenosis of 0 to 75% and as com-
promised when it originated distal to a stenosis of 75% or
greater (15) .
Analysis of data. Boundary detection . The method of
automatic processing of cineangiography has been described
elsewhere (16,17). Briefly , left ventricular images on cine
film in each projection were transferred to a computer through
a flying spot scanner and stored on a magnetic disc. Each
digitized image consisted of 128 x 128 pixels with gray
levels of 256 values. A gradient image was then obtained
by spatial differentiation of gray levels . Assuming that the
abrupt change of the gray levels occurred at the boundary
of the ventricular silhouette, the points with the maximal
gradient value were traced to delineate the ventricular
boundary .
For the algorithm of each computer tracing of edge points,
two weight coefficients were introduced to multiply the cor-
responding derivative value. One was the directional weight
coefficient , which enabled avoidance of an abrupt change
in direction of the edge tracing. The other was the coefficient
used to define the depth of search when information of
several remote points was considered. The additional global
guidance was obtained from the preceding frame. All these
procedures closely imitate a visual detection of a boundary
by the human eye.
Multiple cross sections to determine border image in a
three-dimensional model . For the corresponding left ven-
tricular silhouette of the two projections, difference in mag-
nification was corrected by making adjustments so that the
height of the images would be identical. Each silhouette
was then sectioned by horizontal lines into 16 equal parts
to determine multiple successive cross sections . Assuming
the cross sections of the left ventricle to be elliptic , the
spatial coordinates that define the elliptic left ventricular
border were determined by four points at which the two
orthogonal silhouettes intersect each horizontal line (Fig .
I). By repeating this proces s for each cross section , 16
elliptic discs with the same intersectional distance were ob-
tained. Thirty-two points in steps of 11.250 around the spa-
tial center of the ellipse were generated to define the surface
coordinates of each elliptic disc . These discs were then
stacked in order from top to bottom and a three-dimen sional
configuration of the left ventricular cavity was obtained , the
entire surface image being formed by the sequence of 32
x 16 (total 512) points . All these points were checked to
see if the line connecting each point and the observer 's eye
penetrated inside any of the elliptic discs making up the
model. If it did, the point was assumed to be invisible and
was excluded from the display . Thus, perspective displays
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Figure 2. Perspective displays of computer-generated three-di-
mensional models of the left ventricular cavity in three different
views. The surface image was made up of 32 x 16(512) points.
The illusion of three dimensions is achieved by calculating spatial
coordinates relative to the observer's eye and excluding invisible
points from the display. End-diastole (ED) is shown on the left
andend-systole (ES) ontheright viewed from the30° right anterior
oblique (RAO) projection (top), from the60° right posterior oblique
(RPO) projection (middle) and from the apex (bottom).
of each block surrounded by the cross strips on the graphic
display (Fig. 2) were determined in the end-diastolic phase.
Contraction of each area was expressed as the average of
percent shortening of the corner points.
The magnitude of contraction was classified into six lev-
els: grade 0 = dyskinesia; grade I = akinesia; grades 2 to
4 = hypokinesia , percent shortening being I to 10% in
grade 2, II to 20% in grade 3 and 21 to 30% in grade 4;
and grade 5 = normal contraction with a percent shortening
of over 30%.
To evaluate the contribution of regional myocardial
shortening to the global pump function . the regional short-
ening index was calculated by summation of the product of
each area and average percent shortening of the respective
area.
'J
Figure 1. Schematic diagram of the two orthogonal projections
and assumed cross section of the left ventricular cavity at a given
plane. The cross sections are considered to be elliptical. Spatial
coordinates of the ventricular borders are obtained at four points
at which thehorizontal plane intersects each orthogonal silhouette .
PI - QI and P, - Qr = longitudinal axis of the ventricular cavity
drawn from the center of the aortic valve to the apex drawn on
the left anterior oblique (LAO) and right anterior oblique (RAO)
projection, respectively: x, y and z = transverse, sagittal and
vertical axis, respectively.
a
of this three-dimensional model could be generated for any
desired viewing angle (Fig. 2) .
Detection ofmyocardial shortening and contraction pat-
tern. Subsequently, end-diastolic and end-systolic cavities
were superimposed by referring to the external markers.
The inward motion of the entire ventricular surface was
related to the center of gravity of the end-diastolic cavity,
and spatial movement of each surface point was expressed
as the percent shortening of the radial length.
In subjects with a normal contraction pattern, average
percent shortening of radial grids was largest at the anter-
obasal area, decreasing gradually toward the posterobasal
area. The increased variability was apparent in the apex
because of virtual discontinuity in the curvature due to apical
obliteration or inherent displacement of the apex during
systole. Nevertheless, average percent shortening was more
than 30% in any given radial grid when regional myocardial
dysfunction was absent (16). Figure 3 shows the contraction
pattern of the left ventricular surface for all sides, with
percent shortening being displayed in steps of 5% in dif-
ferent colors on the television.
Quantification of contraction pattern. To quantitate the
extent of area with different contractile function, the areas
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Figure 3. Isochromic representation of the magnitude of contrac-
tion of the left ventricular surface for all sides. Each color cor-
responds to 5% of gravity to the surface. Percent shortening of
less than 0% is indicated by red, I to 5% by dark blue, 6 to 10%
by purple, II to 15% by green, 16 to 20% by yellow, 21 to 25%
by light blue and 25 to 30% by white.
For an analysis of the regional myocardial function , the
area occupied by the mitral valve plane was excluded man-
ually with cursor by visual inspection of the original film.
Statistical analysis. For comparison of the data before
and after administration of nitroglycerin, the paired t test
was used. Statistical comparisons between Groups I (re-
sponders) and II (nonresponders) were made using an un-
paired t test. A probability (p) value of less than 0.05 was
considered significant. All results are expressed as mean ±
standard deviation.
Results
Computer-generated displays of the left ventricularchamber
in one patient with total obstruction of the anterior descend-
ing coronary artery and 90% stenosis of the right and left
circumflex coronary arteries are shown in Figure 4. In the
control state, there was a systolic bulge in the anterolateral
wall and apex. After nitroglycerin administration, the in-
ferior wall motion was significantly improved, but the an-
teroapical bulge was virtually unaltered.
Global left ventricular pump function. Of 13 patients
studied, 6 (responders) showed a significant increase in ejec-
tion fraction after nitroglycerin (from 40 ± 5 to 52 ± 4%;
p < 0.001); the remaining 7 patients (nonresponders) ex-
hibited no significant change in ejection fraction (from 44
± 10 to 46 ± 10%). End-diastolic volume decreased from
122 ± 16 to 109 ± 16 ml (p < 0.05) in the responders
and from 135 ± 21 to 119 ± 24 ml (p < 0.005) in the
nonresponders. Stroke volume increased from 50 ± 9 to
57 ± 7 ml (p < 0.05) in the responders, but it did not
change significantly in the nonresponders (Fig. 5).
Regional myocardial function. In the responders, the
areas of segmental dysfunction of grades 0 to 4 were reduced
after nitroglycerin (but these changes were not statistically
significant except for the reduction in grade 3 hypokinesia),
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Figure 5. Effect of nitroglycerin (N) on indexes of global left
ventricular function in the responders (closed circles connected
by solid lines) andthe nonresponders (opencircles connected by
dotted lines) (Group I and II, respectively) . C = control; EF =
ejectionfraction; HR = heart rate; LVEDP = leftventricular end-
diastolic pressure; LVEDV = left ventricular end-diastolic vol-
ume; LVSP = leftventricular peak systolic pressure; SV = stroke
volume .
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Figure 4. Three-dimensional display of the leftventricular cavity
from theoptimal viewing angle to show a large anterolateral bulge
in a patient with total occlusion of the left anterior descending
artery and 90% stenosis of the left circumflex and right coronary
arteries . End-diastole (ED) is shown on the left and end-systole
(ES) on the right. Upper panel shows the control data, and the
lower panel shows the effects of nitroglycerin (NTG). With sub-
lingual nitroglycerin, end-diastolic chamber size is markedly de-
creased. Thesystolic bulge intheanterolateral wall is not affected.
while shortening in the inferior wall is considerably improved.
whereas the ratio of normally contracting area increased by
more than 100% from 16.5 ± 16.0 to 36.2 ± 14.9% of
the total surface area (p < 0.001) (Table I , Fig. 6). This
was mediated by the greater improvement in segmental
shortening of each graded abnormal contractile pattern rel-
ative to its deterioration (Table 2). Segmental shortening
was further enhanced on the average in 48.2 ± 14.7% of
the normally contracting area (grade 5) (p < 0.00 I) (Table
2).
In the nonresponders (Group ll) , the ratio of improve-
ment of segmental shortening in all areas with abnormal
wall motion tended to be more decreased than in the re-
sponsive group (but statistically significant only in hypo-
kinesia of grade 4) (Table 2). Segmental shortening was
enhanced in 4.9 ± 7.2% of the normally contracting area
(significantly less than in the responders [Group I] p <
0.001) and deteriorated in 49.1 ± 19.7% of the area (sig-
nificantly greater than in the responsive group, p < 0.05).
As a result, the ratio of the area with respective graded
segmental shortening was virtually unchanged (Table I, Fig.
6).
Hemodynamic changes in responders and nonre-
sponders. Increase in heart rate after nitroglycerin admin-
istration was similar among the responders and nonrespond-
ers (Table I , Fig. 5). End-diastolic pressure was similarly
elevated during control and decreased to the same degree
with nitroglycerin (20 ± 5 to 8 ± 4 mm Hg, p < 0.005
in the responders and 19 ± 5 to 8 ± 3 mm Hg, p < 0.01
in the nonresponders).
Left ventricular systolic pressure decreased from 138 ±
21 to 112 ± 17 mm Hg (p < 0.(05 ) in the responders and
from 132 ± 14 to 113 ± 10 mm Hg (p < 0.(01) in the
nonresponders. In the former group, the improvement of
ejection fraction and regional wall motion abnormalities was
linearly related to the reduction in the systolic pressure (Fig.
7). while in the latter group, an equivalent reduction in
pressure failed to induce any improvement of the ejection
measures.
Coronary arteriographic findings and role of collat-
eral vessels. Of the 13 patients, 12 exhibited more than
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face. Here again, the images were superimposed by using
external reference markers and the length of radial grids
drawn from the center of gravity of the end-diastolic image
was measured for analysis of contraction and relaxation of
the given surface point. However, with this method, systolic
rotation of the chamber is ignored and the given point on
the perimeter seen in profile in each projection is assumed
to remain at the same point throughout the cardiac cycle.
This assumption may not always hold true. Nevertheless,
these problems are common to all acceptable methods of
wall motion analysis by cineangiography. The present model
provides an assessment of multiple time varying indexes of
regional wall motion in appropriate temporal and spatial
relations over the entire ventricular surface and enables an
estimation of the area related to the dysfunction.
Response of left ventricular function to nitroglyc-
erin. Studies carried out to assess regional myocardial func-
tion using left ventriculography (9,22-25) indicated that
nitroglycerin improves previously impaired contraction of
the ischemic myocardium. However, although there is some
limitation in methodology, echocardiographic measure-
ments of wall thickness failed to detect an improvement in
segmental function caused by nitroglycerin (3). These vari-
able responses to nitroglycerin are not likely to depend sim-
ply on different doses of the drug (26).
McAnulty et al. (9) evaluated regional function of the
ischemic myocardium angiographically by the chord short-
ening closest to the regions of asynergy, and observed that
after nitroglycerin the improvement of segmental wall mo-
tion was accompanied by an increase in ejection fraction.
However, we found rather significant heterogeneity of re-
sponse of a given regional myocardium to nitroglycerin.
The effect of the drug varied even in opposite directions,
irrespective of the initial contractile patterns. In the group
of patients with a significant improvement in ejection frac-
tion, the ratio of areas of each graded dysfunction to total
surface area was diminished, while the ratio of the normally
contracting area was increased. This response was mainly
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Figure 6. Effects of sublingually administered nitroglycerin on
the6 graded contractile patterns of theregional myocardium. Each
bar represents percent of the area of respective shortening to the
total surface area. Control data are shown by open bars and the
values after administration ofnitroglycerin byshaded bars. Upper
panel, Group I (responders), lower panel, Group II (nonrespond-
ers). On thehorizontal axis the6 grades of thecontractile patterns
are shown: 0 = % shortening less than 0 (dyskinetic); I = %
shortening = 0 (akinetic); 2 = % shortening = I to 10; 3 = %
shortening = 11 to 20; 4 = % shortening = 21 to 30; 5 %
shortening greater than 30. **p < 0.005; ***p < 0.001.
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Table 2. Effect of Nitroglycerin on Contractile Pattern of the Regional Myocardium
Ratio of Area (percent of control area)
Grade 0 Grade 1 Grade 2 Grade 3 Grade 4 Grade 5
Responders
Improved 64.5 ± 24.8 69.2 ± 24.7 55.8 ± 28.3 45.1 ± 16.9 39.5 ± 17.9 48.2 ± 14.7
Unchanged 35.5 ± 24.8 26.6 ± 18.7 40.5 ± 26.0 40.9 ± 12.9 43.3 ± 17.4 31.9 ± 9.2
Deteriorated 0 5.6 ± 5.2 3.8 ± 7.5 14.0 ± 10.4 17.2 ± 15.2 19.9 ± 8.3
Nonresponders
Improved 43.5 ± 21.3 51.5 ± 35.8 45.3 ± 26.2 29.6 ± 11.8 17.0 ± 10.8 4.9 ± 7.2
Unchanged 56.5 ± 21.3 24.9 ± 18.2 47.0 ± 20.5 57.8 ± 12.5 58.8 ± 21.8 46.2 ± 16.0
Deteriorated 0 23.6 ± 19.3 7.7 ± 8.9 12.6 :!:: 5.0 24.3 ± 13.1 49.1 ± 19.7
p value
Improved NS NS NS NS <0.005 <0.001
Unchanged NS NS NS <0.05 NS NS
Deteriorated NS NS NS NS NS <0.05
NS = not significant; p = significance level comparing responders and nonresponders.
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Figure 7. Changes in regional arid global function plotted against
the change in left ventricular peak systolic pressure (L VSP) and
ejection fraction . Upper panel, Percent changes in regional short-
ening index (sum of magnitude of regional shortening times the
extent of area of each contractile pattern ) versus percent reduction
in left ventricular peak systolic pressure . Middle panel, Percent
change in ejection fraction versus percent reduction in left ven-
tricular peak systolic pressure . Lower panel , Percent change in
regional . shortening index versus that in eject ion fraction . Re-
sponders (Group I) are shown by the closed circles and the non-
responders (Group II) are shown by the open circles. Note that
global function is determined by the extent of area of regional
myocardial dysfunction. Improvement of both regional shortening
index and ejection fraction correlated with the pressure reduction
in the responders while these ejection measures were not affected
by the equivalent pressure changes in the nonresponders,
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mediated by a significant improvement in segmental short-
ening over the entire surface area with a less marked de-
terioration of the normal area .
In the group in which nitroglycerin induced no change
or a deterioration in ejection fraction , some improvement
in the severe dysfunction pattern was counterbalanced by a
further deterioration of a mild degree of hypokinesia or of
normal shortening, and the extent of each graded dysfunc-
tion remained unchanged.
Mechanism by which nitroglycerin improves wall mo-
tion of regional ischemic myocardium. This mechanism
has not been completely elucidated . Possible explanations
include decreases in ventricular preload and afterload by a
direct reduction of systemic pressure, as well as by dimin-
ished chamber size with increased wall thickness and de-
creased left ventricular pressure resulting in a substantial
reduction in the calculated wall stress (l,7). The present
study shows that the improvement of global function is
correlated with a reduction in left ventricular peak systolic
pressure in the. responders , but equivalent hemodynamic
changes are not always associated with improved function
in the nonresponders .
The excessive reduction in preload also results in an
abolishment of compensation based on the Frank-Starling
mechanism (6,27). Nitroglycerin increases the coronary blood
flow to the ischemic area through a vasodilating effect (28);
however, decreased perfusion pressure sometimes out-
weighs the decrease in metabolic requirements ; with a re-
sultant expansion of injury (29), Thus , all the effects have
soine divergent action. It has also been suggested that ni-
troglycerin produces no therapeutically important effect on
total coronary flow, but does produce relative dilation of
collateral vessels when there is enhanced retrograde flow to
the ischemic myocardium (30, 31). Thus, the presence of
adequate coronary collateral vessels is also likely to be an
important factor related to regional responses to nitroglyc-
erin, Also to be considered in relation to further deterioration
of segmental hypokinesia, is the possible presence of an
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area with critically stenosed vessels in which the flow is
completely dependent on perfusion pressure.
Heterogeneity in responses of regional myocardial
function. We have already reported (1) the effect of nitro-
prusside on regional myocardial function of the left ventricle
in open chest dogs instrumented with ultrasonic dimension
gauges and subjected to two experimental conditions of
ischemia. A similar degree of hypokinesia was observed in
the marginal segment surrounding the central ischemic area
during complete coronary occlusion and in the hypoperfused
ischemic segment under partial constriction. With nitro-
prusside infusion, the former zone of hypokinesia was ex-
clusively lessened, while the latter zone deteriorated further,
being replaced by a passive bulge as coronary perfusion
pressure was decreased beyond the optimal level for oxygen
delivery to the jeopardized myocardium when comparable
hemodynamic changes were induced. Thus, the effects of
the interventions that alter afterload on left ventricular ejec-
tion are considered to be determined by the preexisting
ischemic status, and we postulate that the response, even
in opposite directions, might occur in the same heart in
patients with lesions of multiple branches of the coronary
artery and heterogenous myocardial ischemia (28). Such
multiple and complex effects of vasodilating agents on the
contractile function of the ischemic myocardium render the
global effect variable and unpredictable.
Clinical implications. It has been repeatedly demon-
strated that a positive response of the ischemic myocardium
to nitroglycerin indicates the strong likelihood of improve-
ment in contractile function after successful aortocoronary
artery bypass graft surgery (9,23,25). In histopathologic
studies of ventriculographically depicted asynergic areas re-
sponsive and nonresponsive to nitroglycerin, Bodenheimer
et al. (32) demonstrated that responsive areas are charac-
terized by the presence of normal myocardium, while non-
responsive areas are composed of significant amounts of
fibrotic and necrotizing myocardium. Analysis of spatial and
temporal relations of segmental function over the entire
ventricular surface by our computer-generated three-dimen-
sional model should be of considerable value in making a
precise assessment of areas with heterogenous responses to
nitroglycerin, and more accurate prediction of future events
can probably be made with this technique.
We thank Mariko Ohara of Kyushu University for help in preparation of
this manuscript. We also appreciate the secretarial assistance of Nobuko
Matsumura.
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